
,~--' j7UDY AND40gJARACTERIZAT!om OF
RESONANT CAVITY CWINI1ER -Z

- D~on.ld0 1*/FrtLi@utensnt, uSA
-ff~rw~vwT~fM01y rench

t.K ElUCtroftic Ttchfology Division

KMRT~X AMVL-Tlt41-11o7
final f~ - icn8nj.lam

Approved for public r~ieaso; distribution unlimited

AVIONICS LADORTORy
AIR 7K YE RIGH AWouTA AL LSA&OqATUIAfSt

d.AIR FORCZ SYSTVEM COWIAN
WwUCA-PATTIRMt All FORME USA, OHIO 45433

bi 622 03



when Goveriawe drawings, specifications, or other dat. are used for any purpose
other thant in connection with a dotinits,1v related Govornment procurement operaton,
the uni ted Stsate Government thereby incurs no responsibility nor any obligation
whatsoevor; and ohw fact that the government nay have formulated, furnished, or in

SanV wsay supplied the sad drawings, spwific¢acions, or other datas, Is not to be ro-

garded by Implication or otherwise as In any manner licensing the holder or any
ocher person or corporation, or conveying any rights or permission to manufacture
are, or sell any patented invention thJt may in any way be related thereto. *

This report has been r•evieed by th Office of Public Affairs (MD/PA) and is

II
relwasablo to w Nat~ional Tochrical Znformaion Service, (YTX$). Atf MTZ$, It will2
be available to the gener'al public, Including foreign nations

This technical report has been reviewed and Is approved fox publication.

DMIALD L. ALLEN, ILt VANI R. METZ, Capt, U-A
Microvove Techniques & Appl. Group Ch, Mic•wave Tech & Appl. Gp
Electronic mechaclogy Divtiion Electronic TechnoloV Division
Avionics Laboratory Avionics Laboratory

MRJ Tmt CCNMASY0

Microwave TechnoloB Breanch
Avionics Laboratory

"*If vou.r address .as chanmed, It you wish to be removed from our m•ling list, or
it the 4ddressee IS no longer esployed by your or-an#sartO"c please notify ANAL/AW4
k-PAP3, 08 45433 to help as mAintain a current sUlInM list*.

Copies of this report should not be returned unless return is required by sewurt•y ..
considerations, contractual objiqations, or notice on a specific docimetn. i *

| E' W | re. . . . . . . ms. .



lb

REPORT DOCU)IAENTATIO14 PAGE RZAR COt*PL~rtho FORM
1. 11pollv "V Acls E3 es PsiCZ6 MUMIRa

A *WAL-1R- 81 -1011 ha-- pmo cvgi
46. "ITLC (&W $koq1. urc00teIIa.C#*)ovl&

Study And Characterization of Imn Cylindrica& ial a-Dc18
Resonant Cavity Combiners -iaJnDc18

S. PSRAO00euwo 040. REPOOT MUNICS

7, AUTwOkaj

Donald L. Allen

1.PRo"10OR@NGSlZATtelo 14MAN AMC %oOAS AWINOW U U11TIMUMjeN TSK
Micr~owave Technology Branc It, VL/AAiK I'mEt ?5

Avionics Laboratory

rceF WA ht Aeronautical Laboratories, 20020247
KC@NQOLLIN@ OW VIC1 MNAM AND ADD £111 0190001117 DATR
Avionics Laboratory (APWALAAIJ-2)Dembr18
Air Force Wright Aeronautical LabsI&wlean AS
Wright-Patterson AFB, Ohio 45433 7

I&MOMITORIU4 AdCNCV AM &A4 AGONUOt 410owt kefbu Cauee**da offlite) It. SeCURITY CLASS. (of his ife.,.)

Same ts-ndaasifiled
lIh $g.I FICAr1ONZ FOROWGADIkO

14. DISRIGUTIOW STATEMENT M. ~Ieow.'f)

App-toved for public release; distribution unlimited.

I?- 01SsINJU'ION STATEMENMT lot**. .46*~eafiol *w.w DA 3~j#w~ 0" X*0ubmRaQ

to. suwt.EasUTAlt Moves

to. oceY woROt (coawie o 0. * *4d*O a' liw.6.e*w 6a# Id""Ow 4W 101 *A""

Power C~ombininx
Circular Cylindrical Resonant Cavities
Niode Combiner Characterization
Microwave Circuit Analysis

KS ASSYRACT (U=~~s an.e **wo si* #ee~w *""o oW Idit eS 6P b

- 7 t this invtstigation the TK~ cylindrical resonant cavity combiner Is
studied and characterized with the objective of Improving the understanding
of the design parameters of this microwave circuit.* The study portion of the
Investigation involves presenting the fundammntal theory of the cylindrical
resonant cavity and co&axia diode circuits whtich make up a cylindrical
resonant cavity combiner, the general modelling of two-port resonb-.t cavities*
an4 the equivalent circuit Impedance rltosof the Kurokava cowb.ner ..... ¶ -.

JA is7 Ee QeNO MV~S~6?

....... ~ , ., v.. . ~ ~4~td OAtwo ro .Tass PR9 1&f0

e - -- ~



_ mb

SCURITY CLASSWICA?8O 0f T'Ns PAIg~ I I zo

model 121 which has been videly used by reserchers in this ares. The
obloecttvs of ,uIn, thW4 model vas to exaintie Its applicability to higher-
or I 0,Q a" moe rambltesrm. Ihe characteriUation section includes the passive
two-port measurement of impedance and transmission coefficient on a 7N020
test combiner under various circuit conditions. A correlation between the
measured and calculated impedance at a single coaxial line is presented and the
results deonstrate that the Kurokava model generally replicates the measured
response. However, it Is shown that there exists a relationship between the
coupling coefficient at the cavity/coaxial line interface and the number of

4 coaxial lines which must be included in the Kurokawa model. The results of the
transmission measurements indicate that to achieve maximm combining efficiency,
a high unloaded cavity Q umst be maintained (i.e. through the use of small
coaxial lines) and that the microwave absorber characteristic impedance msut
be minimized without causing Instability in operation with DWATT diodes.
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The objective of this investigation has been to study and charse-

terise the IM cylindrical resonant cavity combiner with emphasis on

Improving the understanding of the passive design parameters of this

microwave circuit. Since 1971, the 7H cylindrical resonant cavity

combiner has been widely used as a microwve and mi•limeter wave cir-

cuIt stru-ture for coublint the individual IF outputs of Impact-

Ioulzation-Avalanche-Transit-Time (M'ATT) diodes. Uarp and Stover

(13 first demonstrated the use of a IN.. rylindrical resomnt cavity

to coabine the outputs of several IWATr diodes situated In coaxial

circuits (23 located at the periphery of a ThIN cavity. Subsequemt-

ly In recent years, several power cmbinr designs (35-7 have suc-

Ceasfully' emloyed this type of circuit In combining from to t

WUATT dtodes. The cylindrical resomnat cavity combiner design has

been successful because it offers many advantages such as high comb-

linin efficiency, a large capacity for coabining DUATT diodes, mech-

amical end electrical frequency tuning, equal uVpltude and phase dis-

tribution to each diude circuit, large at power generation per unit

volume, end ease of fabrication.



ftsAminat2of he Problem

Woen though the INon cylindrical resonant cavity combiner Mae

been widely USed, the design of the passive combiner circuit Is not

yet well defined with respect to developing a closed form solution

for the Impedance presented to each Individual MWATI diode for any

order and sixe combiner. Various tdchniques such asImpedance, 5-

parameter, and transmission matrix modelling hae" been used with

good results on low order (i.e. '10~ cominers emloying only a few

DWA?? diode circuits. Nosever. for higher-order combiners with a

large numnber of diode circuits, the existing models are not accurate

emough sad are used only for Initial design. The final design is

usually derived boy empirical adjustment of certains combiner para-

"mters. Another factor affecting optimal DINn combiner design is

achieving maximu ca~ifing efficiency which is Indirectly related to

the combiner Impedance response. The specific areas of investiga-

tion to 1A presented Include cylindrical resonant cavity combiner

theory (Chapter 1?) * cylindrical resonant cavity Dodeling (Chapter

111), end the characoterstion and test of a Th0M test Combiner

(chapter TV). The smmry and coaoluselms are wibeequently Proeseted

io Chapter V.



MCLItNDICAL RESONAXT CAVITY CGIIZ*:-'a TREORY

General Characteristief.

A no moubiner as shoin to Ipre I consists of several DWATT

diode circuits located around the p9ciphery of a cylindrical cavity

which resonates in & m4 ode. Resonant cavity combi•irs may operate

as reflection ampliflers, lujection-locked oscillators, or free tuw-

sina oscillators depending oan circuit design cooditicia. Operating as

an •mplifter & circulator must be used with the resonant combiner to

Isolate Input and output. As an amplifter, ar energy ti coupled to the

cavity 1o4 0 -field through a probe located at the cavity center and

correspondingly to each diode circuit via the cavity %-field wi~ch cir-

culates cIrcumferenttally within the cavity. The amplified 17 wveforu

ts coupled out of the combiner tn the reverse order. As a oecillator,

the IWATT diode circuits act a individual sources which are combined

aed locked it frequency through reactive pulling to the cavity resonant

frequency. A Tho" coshbor has Rl resonant frequenetse for etch mod#

in which oscillation my occur with osly ae of these betin the denired

resonat sode. Thus for preper operation, a cavity vwh a reasobly

igQh Q mast be used to syuchrosia the diode circuits. As altereatlve

method for obtaining sycbrommes operaties is taJectlea-locklag. It

*ajectist-locktu"h frequelcy .yc• atio at the cavity frequmy Is
}S
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obtained by using a low level RF input to which the diode circuits lock

in frequency. Again a circulator must be used to isolate input and out-

put. The cylindrical resonant cavity in all cases performs the func-

tions of distribution or combining of RF power and also operates as a

tuned circuit or bandpass filter due to its resonant characteristic.

The Cylindrical Resonant Cavity

The cylindrical resonant cavity is the basic microwave circuit

element of a cylindrical resonant combiner. A cylindrical resonant

cavity may be formed by placing metallic ends on a short section of

circular waveguide. The solution for the fields existing within a

cylindrical resonant cavity can be found in several books [3,8]. The

solution proceeds by solving for the cylindrical wave equation with

the assumption that there is an initial induced electromagnetic field

and that the cavity is a lossless medium containing no charge. The

resultant fields that are established are designated as either THAnq

or TE modes where the m, n, and q subscripts refer to the angular,mnq

radial, and longitudinal variations within the cavity. In developing

the cylindrical resonant combiner, Harp and Stover chose to limit the

operation of their combiner to the TM mode where n1l,2,... . They
Ono

did so because the field variations of this set of modes as shown in

Figure 2 were correct for coupling to a center probe and to a number

of coaxial circuits at the periphery of the cavity. In general, modes

with longitudinal variation may be ellatnated from consideration by

proper choice of cavity length, leaving 1)4 and T o modes where

11.4 5
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nO0,1,2,... and n-l,2 ... . Two of the Tuno modes are shown in Fig-

ure 3. Note that the K-field maxiumus of these modes do not occur at

the cavity center but the H-field of these modes continues to circu-

late around the cavity wall. There exist an infinite number of these

modes as vell and their resonant frequencies are deoLruined from the

folloving equations,

'~ (2)

where a-cavity radius

Xianth zero of the uth order Besel function J,,(X.)

xý.nth zero of the uth order Bessel function J'(XY)).

Tables 1 and 2 provide representative values for these zeroes which

may be found for example in Tables of Functions by Jahnke and Rode

[161. By comparison of Tables 1 and 2, it may be noted that there are

several frequencies where the THMaond TE modes overlap. By select-

ing maO and n-112,... various TH.,, modes can exist vithin a cylindrical

cavity. only the T"OI0, "10200 and 11M040 mad&* have been used In cyl-

Indrical cavity combiner designs [4-7) to date. The resonant frequency j

then for a THono mode would be determined from equation (1) by subst.-

frequency, a larger radius cavity and a larger uuber of diode coaxial

circuits may be obtained by using a hioher order 11OW ode(t.e. 31).

There are difficulties in dotag t•is, houever#, because the freoJeacy * I

5I
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Tligure 2. T~on° Mode Field Configurations. E-field .x,

R-f ield "

*0Mode Mode

400,

Figure 3. IM Mode field Confiurattons. K-field xe.

H-field -..
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TALE 1. Ordered Zeroes Xu. of Ju(

0 1 2 3 4

1 2.405 3.832 5.136 6.380 7.588 8.771

2 5.520 7.016 8.417 9.761 11.065 12.339

3 8.654 10.173 11.620 13.015 14.372 15.700

4 11.792 13.324 14.796 16.223 17.616 18.980

TA•JA 2. Ordered Zeroes of Jl(yl1 )

0 1 2 3 4

1 3.832 I.64 3.054 4.201 5.317 6.416

2 7.016 5.331 6.706 8.015 9.282 10.520

3 10.173 6.536 9.969 11.346 12.682 13.987

1 4 13.324 11.76 13.170
k[

m ~r



separation between adjacent TM uwOs as shown in Figure 4 becomes

smaller as n increases. Researchers who have addressed this problem

(5,71 have applied mode suppression techniques in their combiner de-

signs. These techniques, although effective in suppressing undesired

modes, do increase the loss in a combiner or conversely its combining

efficiency. For the TH mode, the field variations are presented as
N Ono

E2 E. = J (,'", ) (3)

14 T,(4)

where the time harmonic variation has been suppressed. From close

inspection of these two equations, it can be seen that the K-field

has only a z-cosponent and varies as a function of r vith a maximum

intensity at the cavity center. The X-field has only a #-component

and also varies as a function of r with a maximum near the cavity

side wall. Because a mn mode has no 4 variation, the placement of

D'ATT diodes Is not critical and the number of diodes which can be

used in a cylindrical combiner is limited by factors such as circum-

ferential length and diode package site, power dissipation, and is*-

lation between diode circuits. The IN modes have similar variation

with respect to radius but also have angular variation as well (see

Figure 3). to the design of a cylindrical resonant combiner, it is

highly desirable to achieve single mode operation (i.e. a single 7Non05

ma. mode). DiATT diodes can resonate at their omavalanche frequencies

- ... . : J
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Ias a part of the coaxial circuits or they may be synchronized to one

of. the nonsymnetrical TH modes. If an IMPATT diode resonates in

one of these modes, not only will RY power generated by that diode

not couple to the external circuit but the diode may become unstable

in that mode and result in failure. When the IMPATT diodes of a

multidiode cavity combiner resonate into their own loads, the output

RF spectrum shows distinct resonant lines (6,7] and the output power

thus achieved is not useful for amplification or as a source of RF

power. Thus to achieve single mode operation, a resonant combiner

must employ a high Q cavity which gives this type of combiner a

characteristic of being a narrowband amplifier or tunable source.

The unloaded ý of a cylindrical resonant cavity may be found by

taking the ratio of the energy stored in the cavity to the power dis-

sipated in the cavity walls per cycle times 2w. The unloaded Q for a

TM or TM mode is given by (3,8],

where naintrinsic wave impedances 120w ohms,

R -skin resistance, and

d-cavity height.

From inspection of this equation, it can be noted that the unloaded

cavity Q of a T7 or TM mode is directly proportional to the
Eno ono

order of the mode but inversely proportional to the cavity radius for

a given cavity height. The unloaded cavity Q Is also inversely pro-

portional to the square root of frequency.L 11"





has been found to provide the best pomr transfer or comb±inn eftfi-

clency but Is narrowband while the fully tapered teiutastion results

I a poor combining efhicleacy and has the broadest bandwidth. micro-

asve designers have Implewmted partially tapered terszaations to

achieve IOmerste bandvidth•• hile maintaining acceptable efficiency.

M The equatios 4 1escribla• the iIpedmnce presented to an DIATr are

show later In Chepte• Itt.
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! - •M III

aI • CYLIMI•ICAL RESONANT CAVITY CONBINZ MODMUbG

There are several approaches (e.g. empirical [51, impedance

[2,6), S-parameter (71, and tranasission matrix modelling schemes)

including combinations of these which have been applied to modelling

an V-diode Teo cylindrical resonant cavity combiner to date. The

mot v.dely used model is the Xurokaws combiner model 121 which is

based upon determining the impedance(a•mittance) presented to an DWATT

diode by an 04-I port network with the circuit operating as a free run-

sing oscillator. Rowever, the full potential of cylindrical resonant

tainers employing WTATT diodes has not been realized vith the exis-

tUng comkiner models. This occurs for several reasons. Mirot, the

I combiners have ptimarily been designed to operate as free run-

atag or injection-locked oscillators due to the Kurokaws model. tn

general though, the circuit conditions for optimel performance of a

combiner as en oscillator differ from those for amplifier operatiotn.

As an osciliator, condideratIo•s such as frequency stability, oscil-

later 134 noise, and tusability ore imporraut while gain amd bandwidth

are predominant in alifier operetiom. 1% both cases, circuit effi-

ciescy Is of importamce. ThM circuit requiremeos for f ocillatof

are such that when the frequemcy Is varied, the power out"pt should re-

uWai constant. Noweto fm amplifi•er. a the Input requecmy vuries

13



at a given power level, the gain should rmNID coQstMML over the beand-

vidtju of the amplifier. from the circuit viewpointo thug requires the

device Impedance line and the circuit Impedance line to track ome

another. Thuaj, a sure accurate INcombinr model should be able to

Include amplifier operation as weill. This Investigation has notem

phaIsied developing a now combiner model but rather the study and

characterization cf IN combiners to improve the existing Kurokmw

model. Secondly, the equivalent circuit components of the Kurokawa

model~egS. the coupling coefficients) art not accessible to direct ex-

ternal measurement and usually must be calculated or approximated.

Lastly, tins Kurokava combiner model considers the combiner to be a sym-

metric 0641 port network with no coupling interaction between pairs of

diode circuits. It bas been found (7) that when the number of diode

circuits Increases beyond approximately 4-4, that muatual coupling of-

fects beg-. to occur. The modelling of mutual coupling ef fects, how-

ever, is presently too complex ead to not Included In this investiga-

ties. This chaptex' Is generally concerned with exmining the Kurokoh

cabiuer model which bas been applied frequently to INcombiners

sa determining relations for some of Its components. In particular

the topics to be discussed are general modelling of two-port resonant

cavities, the Kuroken combiner mel. am equivalent circuit Impedance

""eltiens for a IN" cowmber.

fteral Nodellina oTo-Fort Mesnat Cavities

Microwave cavities awe Inherently very complex metworks with as

WsatSite wmber of natural reesoanc frequenies and may be mdoelled

144



V ith either lumped equivalent circuits or as distributed tranmission

lines bounded by know discontinuities [U3)]. Zr this section a vary

general lumped element representation vIl first be presented mid viii

be followed by a single mode limped elemet network model.

General Representation of Loesles Two-trt leesonsat Networks

In its most general form a two-ort lossless microwve cavity my

be represented by the network shom in Figure 6. This circuit, a

shown by Ratan (111) and leringer [12), is derived by extending Foster's

Reactance Theorem to a losa es two-port network and leads to the fol-

lowing open circuit reactan•e.

to!
4((5)

e~ja -

*Rch resnant loop in this network represents ne of the natural re-

asmat mo* of the cavity and the capitors snd the Idea, treastomer
i

together represent direct capacitive coupling between the Input and oue.

put terminals. Practical eicraemve cavities at*e eot lsless and the
dissipation in the cavity may be accomnted for by includin, a series

restator in each resomst leop in the equivabst circuit of nper 6.

T account for ths series ressatnc•e in equatioS (6-4). an addittoea
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term 'should be included In the denominator of the summations. As can

be noted, the equivalent circuit of the cavity modes is described by

series RLC circuits. Likewise, the cavity modes may be represeted by

shunt RLC circuits. The choice of which equsivalent circuit to use Is

determined by the reference plane of measuremeit (91. There are two

terms (i.e. either the detuned short-circuit position or the detuned

open-circuit position) which are used in the descript ion of the ref-

erence plane position. The detuned short- or open-circuit impedances

are defined as the impedance of the network when excited at a fre-

quency far removed from the resonant frequency of the network. If the

detuned short circuit position were used, the shunt 3W circuit wiould

be appropriate while the series R1W would be correct when the detuned

open-circuit position was used. With respect to the cylindrical re-

sonant cavity combiner,, the equivalent circuit of Figure 6 represents

all of the TH modes possible. However, the two-port configuration

is not representative of an )O+l port combiner except when the combiner

Is considered to be symmetrical.

Single-Mode Lumped Moment Two-Fort Resonant Network Model

As stated earlier.,T combiners employ relatively high Q cylin-

drical resonant cavities which are designted to operate io a single

mN ods. Zacb of the infinite resonant mod** of the cavity stillco
exist If stimulated but are assumed to be sufficiently removed from the

desired mode so that their equivalent resonant circuits may be removed

from consideration. Also, the direct compling elementasay be removed

if found to be small enouth. to a IM~ -combinev, the direct coupling

1!is assumed to be small because the center probe and coaxial lines are

LIE'.



not in CIO"e proximity. The result is an equivalent circuit which is

composed of a single series 3tW or shunt RtLcircuit represemating a

particualf THoo mode with ideal transformers representing the coupling

of the Input and output circuite as shmm gn Ifiure 7. * shunt 1LI

resonant circuit and ideal transformers are used in a Classic paper by

Xwrokaws to model a resonant waveguide combiner which is discussed

later. Wofre describing the Kurokava model, the Q factors (i.e. the

loaded, external, and unloaded Q's) of a two-port lumped element re-

$0m00 network are etven.

Q Factors of a Loselees ruo-fort Resonant Network so

Consider & singlJe-sode luwpW element resonant network as sho In

figure 7 below which represents a cavity coupling system with matched

Input and output impedance Z. and ZL. For a 7H combiner, 2 would

be the external Impedance presented to the combiner and ZL would re-

preaent the IMPATT diode circuit Impedances in parallel for a eym-

metric combiner.

L C;

Z.1
iII

?ipare 7. SingleuMode Resomant Cavity Equivalent Circuit
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The coupling elements are assumed to be losslase (i.e. because any

lossmay be cancelled by suitable choice of reference planes) and no
3. interaction between them is assumeed to occur. Transforaing the Sem-

arator and load circuits to the resonant circuit, the loaded • of the

network to easily determined as,

0 = .... _ _ _ -- (9

ze Ge 469

where Qs W0 C/6'
The external Q, Q x, is the Q of the external network only and for the

circuit of Figure 7, it is defined as,

(10)

z.G, ZLG.6

The Kuroks-aa Combiner Model

Kurokava in 1971 presented a paper on "The Single-Cavity Multiple-

Device Oscillator" (2] which has been referenced and used by many re-

searchers in the combiner area to model T cylindrical resonant

cavity combiners. His model is derived from the theory already pre-

sented in this chapter except that the circuit he uses (i.e. an 01

port) is much more complex. lie uses a single shunt RLC circuit to re-

present the resonant cavity (i.e. a veveguide cavity) and lossless

ideal transformers to represent coupling to the cavity. The diode

circuits he uses are identical to those used in a TcoK combiner.

Kurokava takes the approach of solving for the elsenvalue equations

for the network admittance facing each DWPATT diode whan the combiner

21

I I I I Ii " .j.



is operated as a free running oscillator. Smesly wheat

whee Yrepresents the admittance of the U-prt network and Y1) Tprepr-

sents the admittance of a single UWATt diode. Kurokaws assumes equal

coupling to all the diode circuits aid noSlet-ts any coupUng between

pairs of diode circuits through the resonant cavity. in Kurokawa's

circuit (i.e. a rectangular vaveguide combiner), this assumpt ion is

correct because each diode circuit mast be spaced by half wavelength*

for saxilumi coupling to the vaveguide X-field. However, the sae Is

not true in a V1o., cominer where the spacing to not waveleiSgth de-

pendent and isolation between each diode circuit decreases significant-

ly with an increasing smaber of diode circuits. When the isolation be-

tween diode circuits in a hom.bciner becomes too smill, the VY

voltage amplitudes of each diode circuit, which are not necessarily in

phaeo, will cause single or pairs of diodes to resonate at frequencies

Indepindent of the cavity resonant frequency. As stated earlier, these

mutual coupling effects will not be treated here. Kurokawe also dis-

cusses the circuit cnmditions for suppressing undesired modes, stable

operation, and injection-locking and preoents equations on circuit of-

fictency and notese performance. tn the sectiou on suppressing as-i

desire" modes, Kurokawa stated that the coupling coefficient for other

modes will be considerably smaller than for the desired sode, thus*

eliminatingi any moding problems. Noweverl, It has been noted lay

Haatroianni (6) and in this investigatiton that matched coupling can

occur simultaneously to more than one mode for certain circuit coo-

ditions. Thus, IhWA1T diode operation In an undesired IN= mode, is

22



ii certainly possible. Kurokava, In his model. uses a tapered micro-

wave absorber load which gave his design excellent stability (i.e.

a tapered load causes matched coupling of all modes) In a single

mode. The tapered load, however, resulted In poor combining of-

0 ficiency. Because Kuroirava uses a tapered load, he describes the

load as a constant equal to the characteristic Impedance of a 50 ohm

coaxial air line which in the general case It Is not. Impedance re-

ft! Alat ions were developed for a flat microwave absorber load and are

presented later In Chapter 111. The measured versus calculated Im-
pedance of a microwave absorber load is presented In Chapter IV.

TK Combiner Equivalent Circuit Impedince Relations

In this section, the equivalent circuit relations for a 7

combiner which is based upon the Kurokava model are presented. The

Impedance presented to an DWAXT diode will later be computed using

this model and then compared to the measured results In Chapter IV to4
test the applicability of the Kurokaws model. Other approaches to

modelling a IN combiner (I.e. uslng S-parameters) were considered

but S-parameter modelling, in general, does not provide the microwave

designer with the Information necessary to predict combiner porfor-

mace as a fmction of circuit Parameters. The mide W4 wes, select-

ed In this Investigation eo that circuit Interaction With smode other

then the desired mode could be characterized. 7Me combiner f
jequivalent circuititopresented to gre .* MWecircuitIsaaSingle-

mode 0+1 part resonant netwerk.

KI
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Impedance Presented to an DiPATT Diode

f or the symmetric single-mode 7Ho 0 combiner equivalent circuit

shown in Figure 8, the Impedance presented to an DIPATT diode by the

network ti described. As stated before, the impedance presented to

the diode is based on the oscillator condition. The Impedance pre-

sented to an DIMATr diode can be deteruined at the diode plane or at

the cavity uidplane. If the network impedance is determined at the

cavity midplane, it is equated to a transformed diode impedance (i.e.

the impedance of the diode transformed through the matching transfor-

nor and a section of coaxial line). The impedance of the combiner

network at the cavity sidplane can be shown to be,
2

... ZII , (12)

where Zuticrowave absorber impedance

Onumber of diode circuits

Qc-unloaded cavity Q

Ql•external Q

Next, the impedance presnted to an DIPATT diode is determined by

transforming % through a short 50 ohm section of line and a 1/4 trane-

former. The Impedance presented to the A/4 transformer to determined

S~from

S= Z. Zo JZA,

... . .. . . . .2 5 .:,. (



where L is the length of line between the cavity midplane and the I/4

transformer. A calculator progras to generate this imedance was

developed and Is provided in Appendix A. The network Impedance which

is equated to the diode impedance is subsequently determined using,

ZD ZT/Z4, (1)

where ZTA I/4 transformer impedance.

The matching transformer impedance, ZT, is calculated using,

ZT (15)

where b- radius of the coaxial line outer conductor,

as radius of the coaxial line center conductor, and

cr= dielectric permittivity constant.

A program callen ZCOKB, provided in Appendix A, was written to cal-

culate representative values of as a function of frequency for p

later comparison to the masured data.

Resonant Circuit Element Relations

Before the impedance presented to the IMPATT diode can be c.al-

culated, the relations for the resonant circuit elements out be

known. The conductance of the resonant cavity may be shown to be [8),

which is determined from consideration of the dissipated power in the

cavity. Using the equation for unloaded cavity Q (i.e. Q-o C /0 the

resonant cavity capacitance can be described as,

S26
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Folloving this, the equation for tka resonant cavity inductance is

found from w -1ILC. The inductance is,
0

Lastly for use in equation (12), the equation for /C-7L- Is,

VI) , (19)

Microvave Absorber Impedance Relations

The microvave absorber or stabilization load which terminate8 the

diode it** can be viewed as an infinite coaxial transmission line (i.e.

due to the significant attenuation characteristic of the absorber) with

complex values of permittivity and permeability. The microwave absor-

bet Is a composition of Iron and expoxy called W.COSCR HT 116 (17).

The complex values of permittivity and permeability are needed because

of the electric and megnetic properties of the ICCOSOR msterial. The

general relation for the characteristic Impedance of a distributed

transmission line can be used to describe this Impance end is give

R & L(20)

The individual compowanto of "quti=s (20) can be detemined from

static fteldi and are defined a,
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R J -* + (21)

farads/eater (22)

US/ute (24)

Aw0t- rwRT

** (c'-Jc')

It to also useful to Compete the attenaaation comatant, as for this

material Aich wayb computadfrm

occ=Re( Rck~w)Y AC (25)
with the substituation of equations (21-24). ta terms of 41/cm, a

J, 6ES/cm) a 0.606 1 lc *(noepre/ teu). (26)

tO the sectLoO Ofs me"UTRm stS, It Will bd shinA that the defftft$

eqmatifts for the ujerinavo absorber load are coqarative1y accuate.
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CIAPTER IV
IiZS tisi IU c aCaARACnaUIATION

The objective of this chapter it to characterize a 71120 ts

combiner in order to test the applicability of using the Kturokawa

model as proposed by various researchers for modelling higher- order

mode maltiple diode IN. combiners. The characterization consists of

presenting test data.on single- and two-port microweve measurements on

a cylindrical resonant cavity test combiner and then correlating the

measured Impedances of the cominer with calculated Impedances.

111020 Test Combiner Description

5y gsing equation (1). a Ih 02 teat combiner was designed with a

resonant frequency of 10 Mu. The 7N2 mods Was selected for the

design so that the relative Interference from other Wads (e.g. the

7M210 mode) could be studied. A cross section of the test: combiner Is

shorn. in Figure 9. Thi test combiner has been designed with features

that are not Included In a typical combiner design. The test combiner

be* four coaxial lines in which the Impedance matching transforers a&d

WUAIT diodes hae" been replaced with .25010 semi-rigid coax and type N
7j coaxial coamectors. The length of the coaxial lines mea chosen so that

. later use of WNA7T diodes in the combine would4 be poesible. With

3 ~this modification, the Impedance presented to an TIIUAI dLode can beV

measured. The teat combiner also employsamveable flat profile micro-

I 29
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wave absorber terminat ions and provision to made for adjusting thej

Offity height to cheang the Qof the resonant camity (i.e. with in-

serts). The microwave absorbers were made from the ICCOSGES MY 116

material described earlier and were designed to be positioned 1/4

wavelengths from the cavity midplane wen fully Inserted. The Input

to the test combiner Is also a .250" coaxial line and c~oupling to the

cavity is accomplished via a .025" extension of the center conductor.

One additional feature the test combiner has Is a .250"* frequency

tuning pluager which Is located opposite to the coaxial Input line

alon$ the cylindrical cavity axis. Modifications to the existing test

coobuerfora"diohdes Tdoe nlerp~ hecailot

pu ie ihdoe mutdo ae ole oprb1an n

redesignd coaxial center conductors having 1/4 matching transformers.

TUQQTeot Combiner Moasurements

The characteriuation of the test combiner was priLmarily accom-

puished using an H? 1MMS Automatic Network Analyzer (AM). A block

diagram of the AM measurement system ioshw bemIn Fi1gure 10. Sotk

&anual and automatic messutmeaets can be made using the ANA:z however,

only manual measurements wae* performed In this Investigation due to

the requirement for msakig broddband measurements to observe the test
combiner response to several resonant modes. The manual measuroets

%wer made by taking outputs team *the AMA and recording transmission co

efficient and Impedance data %sIng as 0 704"A x-T recordert. lhese

usasuremmnts as described io the following paragraphs consist of

4 me~aaawing the test combinetr Q. combiner Input impeamwo. comine



A!

I I
H "

4-4 W

z~~Z 0 4am rl

C44

32'



- '• :;? -•;"" "•'•. "••'•• .: •••Y;'Y• • ~•••4

coaxial line impedance, and combiner transmission coefficient.

Combiner Q Measurements

There are several techniques to measure the Q of a resonant cir-

cuit. These techniques can be grouped into transmission methods,

impedance measurement methods, transient decay methods, and dynamic

methods. Ginzton [9), in his textbook, shows a fairly accurate graph-

ical method of determining the unloaded Q, the external Q, and the

loaded Q of a resonant cavity using the Smith chart. His graphical

method assumes no coupling loss. The transmission method is the sim-

plest to measure but only the loaded Q of a resonant network may be

determined directly. The transient methods, which consist of measur-

ing the decay time of an RF pulse, are also accurate but only when the

cavity Q exceeds N10,000. Ginzton's graphical method of measuring the

TM test cavity, combiner circuit Q's has been used and-these values
020

for different cavity heights are shown in Table 3 below.

Table 3. TM020 Cavity Test Combiner Measured versus Calculated Q's

Cavity TM Center

height, d(in.) frequency (GHz) Q 0 Qo(calc.)

.150 9.96 800 800 398 3861

.200 9.97 1108 1108 498 4949

.300 9.98 2494 2494 1247 6895

Note: An effective radius of 1.11 in. was used in calculating Q0.

For the measurements, critical coupling to the cavity was accomplished

by adjusting the input probe. Thus, the coupling coefficient O-1,

33
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Q=Qo and QLUQo/2. The measured Q's as can be noted are much lover

than the calculated values. The primary reason for this discrepancy

is that additional loss exists at the apertures for the coaxial lines.

The coaxial line center conductors were removed to achieve minimum

coupling to the lines during the Q measurements. However, the scal-

loped contour at the cavity/coaxial line interface does increase the

losses of the cavity. The graphical method of measuring circuit Q's

is shown by the example in Figure 11.

Combiner Input Circuit Measurements

These measurements consist of characterizing the input impe-

dance response of the TM test combiner under two conditions. The

first condition is where all the coaxial line center conductors at

the periphery of the cavity are removed. The equivalent circuit of

the test combiner then reduces to a single-port shunt resonant net-

work with a single ideal transformer representing the coupling to the

cavity (Figure 12). With this modification, the cavity has no ad-

ditional loading from the coaxial lines and the response of the shunt

resonant network shown can be observed. Also, the unloaded and loaded

values of circuit Q were obtained this way. The second condition is

where all the coaxial lines are present and are terminated in 50 ohm

loads in order to duplicate the circuit conditions of an ideal combiner

(i.e. one in which there are no mismatch losses). The input impedance

for both conditions have been measured with two different cavity

heights as shown in Figures 13 and 14. The purpose of varying the

cavity height is to affect a change in the unloaded cavity Q. For

these measurements, the input probe depth has been adjusted to achieve
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critical coupling at the center frequency of the TMn0 20 mode. Also,

a reference plane extension on the network analyzer is adjusted so

that the input phase to the combiner is correct. When the coaxial

lines were in place, the microwave absorber loads were positioned so

the standing current wave on each coaxial line would coincide with the

cavity/coaxial line aperture for maximum power transfer to the loads

in the coaxial lines. The equivalent circuit with coaxial lines is

that of Figure 8 and it is expected that the coaxial lines will load

down the response of the cavity which it does by looking at Figure 13

or 14. This is because the loaded Q, which is governed by equation (9)

where B2 represents the coaxial line coupling coefficient, decreases.

For the .150" high cavity, the center frequency of the in mode was
020

9.96 GHz with no coaxial lines present and decreased to 9.82 GRs when

the coaxial lines were included. The center frequency decreased be-

cause the center probe had to be inserted further to a8hieve critical

coupling. The reaouant frequency of a cylindrical cavity vtll decrease

with any perturbation according to the relation (8).

= -/7 AV)

where V is the volume of the cavity ad AV Is the volume of the per-

turbation. With io coaxial lines the unloaded and loaded cavity Q

values were 664 and 332, respectively, and decreased to 240 and 120

with the addition of the coaxial lines which Is approximately a 213

reduction in Q. With the coaxial lines in place, the uicrowkve ab-

sorber loads were positioned 1.385 cm (%I/2) from the midplana of the

cavity. There exists an open circuit at the microwave absorber 1o4d.

_ _ _ _ _ _ _ _ _ _ _ _ __37
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and thus, a current maximum occurs at A/2 wavelengths toward the

cavity or at the cavity midplane. Using a .300"1 high cavity,, the can-

ter frequency of the TM020 mode was 9.975 Giz with no coaxial lines

present and decreased to 9.775 Gilz with the coaxial lines. The .300"

high cavity suffered the greatest change in resonant Q when the coax-

ial lines were used. The unloaded and loaded Q values were 2494 and

1247, respectively, with no coaxial lines and decreased to approximate-

ly 1/10 these values, namely, 296 and 127, when loaded by the coaxial

lines. The microwave absorber loads were positoned at 1.623 ca

(N,/2) for the .300" high cavity. For both the .150" and .300" high

cavities, the test combiner exhibited significant loading with the ad-

dition of the coaxial lines. It is seen in these figures that near the

resonant frequency, the impedance response of the cavity circuit ele-

ments predominate while away from resonance the Impedance does not

approach zero but some small value.

Combiner Coaxial Line Impedance

The test combiner coaxial line measurements consisted of charac-

terizing the impedance response at one of the coaxial lines under

several variations. The impedance observed here is the impedance of

the combiner network before it is transformed through a 50 ohm section

of line and a 1/4 transformer to the diode plane. Variations in I
the test combiner circuit such as shorting or matching the cavity

center probe, leaving or removing all other coaxial lines, and chang- I

Ing the cavity height were involved in these wasuremanti. The pur-

pose of varying these parameters was to observe the changes in the

"cavity-to-coaxial line coupling of the TM020 and T 210 modes. All
4i 40
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the coaxial line measurements were made over approximately the 9.1 to

10.*5 GM: frequency range which includes both modes. In the measure-

ments with the center probe presentg, the probe Impedance was critic-

* ally coupled to the cavity Impedance as shown In Figures 13 and 14.

Also, the microwave absorber terminations were always adjusted for

maximum power transfer from the coaxial line circuits to the cavity

circuit. This position varied from 1.385 cm to 1.623 cm from the

cavity sidplant. for the .150" and .300" cavity heights, respectively.

For the measurements where the center probe was shorted, a shorting
plneja dutdiwr ni t n a ls ihtecvt
plne4a dutdiwr ni t n a ls ihtecvt
top wall, thus removing any input at the cavity center.

)ticrovave Absorber Load Test Circuit. Before making an external im-

pedance measurement at one of the coaxial lines. it was desirable to

measure the impedance of the microwave absorber terminating each to-

axial line and to compare the measured results with calculated ce-

sults. To do this, a test circuit which consisted of a .250* semi-

rigid coaxial lIne and a .141" coaxial air line terminated with an

adjustable microwave absorber, which was similar to the microwave ab-

sorber circuit In the test combiner, wes fabricated. A cross section

of this circuit is shown in Figure 15. A manual measurement of the

microwave absorber impedance was made over the 9.1 to 1WAS Cfa fre-I

quency range. As can be noted in figure 16, the impedance of the

microwave absorber load appears asthe ispedance of a transmission

line with a characteristic impedanco determined by the ICCOSO ma-I

terial. The calculated impedance response Is obtained using equations

(20-24) and is shown as the dashed cumv in Filure 16. A subrotine

41

~ -- -~__________________



ftpare 15. Hicraoo~v AbsoTbev Load Tst Ctrcutt



Ipe1.HcoaeAsre Maue essCluse
LoadINPOMCGOX-105 c

I4

4,4



of the ZCGW program was used to calculate the microwave absorber

Impedance versus frequency. TMes two curves are quite similar is

shape and both have approximately the same reference plane. The

slight difference between the calculated and measured Impedance* Is

attributable to the use of permittivity and permeability constants

which were measured at 8.6 GI:. Thus, the equations used to model

the impedanes response of the microwave absorber terminations are

fairly accurate. To arrive at the calculated curve, the following

data was used.

g'lw6.2 Vim 0;-1.6 a/* ain21 41/cm

gwul.134 Vim 9r.3 Rax-l0. 5 cm
r

The values for the coefficients of the complex permittivity and per-

-meability constants ware measured by the manufacturer of ICCOSMR My

116. The value xitothe length of coaxial airlUns betweenthe ANA

reference plane sand the microwave absorber. and a is the attenuation

constant for My 116. vsing equation (25) and the quantities given

above0 toi calcualted to be 21.1 43/cm at 8.6 Oft which compares

favorably with the value given by the manufacturer.

Coaxial Line Twsoeace with the Center Probe Terminated in 50 ohms.

These measurements are graphically shot to Figures 17 to 20 and

consist of characoteriing the Impedance response of a sIntle coaxial

lise with either all coaxial lIte" present or only the measured lime

present and with cavity heights of .150"1 an .30. The general

equivalent circuit representation for this case io show io Figure I

md the defining equation to be referenced Is (12). Mis- all other

coaxial limes are removed. the equivalent circuit mat be modified toj



show only one output line &nd the constant I tn equation (12) must be

set to one. By disregarding the resoa•nt loops showo in these figures,

the impedance is "en to be only the impedance of the microwave ab-

sorber as shown in Figure 17. Thus, the test circuit used for the

aicrowave absorber Impedance was representative of the circuit in the

test combiner. The effect an the impedance of a single line caused by

Coupling IU power Into the other coaxial lines is best show in Figure

19 versus FiSurE 20 where the cavity height ti .300". The result Is

that the '"020 and IN210 modes which are critically coupled and great-

ly overcoupled, respectively, in Figure 19 have their coupling reduced

signLficantly. The 020 resonant frequency also changeasignificantly

being reduced from 9.94 C•z to 9.775 GOf. This occurs somewhat be-

cause the effective cavity diameter is reduced vith the addition of

all the center conductors. The IN2l0 nod". previously much over-

coupled, actually is #loser to beinv critically coupled at its re-

sonant frequency then the U02o mode It. From equation (12). *ae would

expect the coupling of the 70 20 mode to improve as N wes increased,

however, the unloaded Q and the external Q in this aquotion decrease

rapidly causing the Impedance at resonmce to decreast also and giving

the cavity reapoase the appearance of a small resonant loop. With the

Coupling to the cavity being undercoupled, a large portion of the kV

power from the source (i.e. a swept R? source or UWA•T diode) ts eo-

soobed into the microwav absorber termination. To achieve maxim

combinAng efficiency, the circuit design will have to be such that the

coupling of V tines to a cavity does not prevet critical coupllu of

"each coaxial line. This ill also more tha likely keep themI 0

Y;_ *
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Figure 18. Coaxial Line Impedance, four lines present, 50 ohm
input, d-.150". Case 1-input critically coupled.
Case 2-input slightly undercoupled (p-.2).

47



I:I

I. I 1

484

~~~~~ rt ______.. -

0 O.. ., VIC



Figure 20. Coaxial Line Impedance, four lines present, 50 ohm
input, d-.300"
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mode overcoupled which is desirable for single mode operation. Figures

17 & 19 and 18 & 20 show the effect of changing the cavity height, De-

creasing the cavity height does not appear to affect the TM0 2 0 and

MTH20 resonant frequencies but does appear to moderately affect the
321

coupling of the coaxial line to the cavity. A decrease in cavity

height causes a decrease in unloaded circuit Q as can be seen from

equation (5) or Table 3 and subsequently the impedance response de-

creases. In the measurement of coaxial line impedance with four lines

present, a 50 ohm input, and a cavity height of .150" (Figure 18),

the resonant cavity response was nearly eliminated with the center

probe being critically coupled. However, the cavity response was

restored when the center probe was slightly undercoupled.

Coaxial Line Impedance with the Center Probe Short Circuited. These

measurements were performed to demonstrate the effect the input cir-

cuit has on the impedance matching of the coaxial lines to the cavity.

By short circuiting the combiner input probe, the external load and

ideal transformer representing input coupling in the equivalent cir-

cuit is removed from consideration as shown in Figure 21. Again,

measurements were made with and without coaxial lines at tjao dif-

ferent cavity heights. The impedance responses are provided in

Figures 22 to 25. With a cavity height of .150" and only one coaxial

line, the coupling shown in Figure 22 to the cavity T11020 mode is

critical while the TH 210 mode coupling is overcoupled. Adding the

other lines to the circuit again undercouples the coaxial lines to the

114020 and TH 2 10 modes as seen in Figure 23. However, the change in

coupling ti not quite as great as when the external input load is

50
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I !
present. The resonant frequency for the a020 and 7H2 10 modes is

approximately 9.92 UIs and 9.25 O~s, respectively, sad is not af-

fected by the addition or deletion of coaxial lines. Since the Te-

somant frequencies are a function of the cavity radius, the addition

of the coaxial lines affects the cavity radius minimally for this test

combiner. This is not necessarily true in larger power combiners,

however, where many coaxial lines would be present. Both the T'020

end Tm modes are overcoupled as shown In Figure 24 (i.e. most of

the IF power is absorbed into the cavity walls) for the case of one

coaxial line and a cavity height of .300". Comparison of this figure

with Figure 19 where the input is not shorted, demonstrates the rel-

ative effect the external load has on the loaded Q of the circuit.

The difference in the TM02 0 response is small while the T"20 response

changes moderately. This Indicates that the external circuit impedance

(usually 50 ohms) has more of a shunting effect on the TM2 10 mode.

Including the coaxial lines to the short circuited, .300" high cavity

again reduces the coaxial to resonant mode coupling but the reduc-

tie* Is such less than when a 50 ohm input is used. The impedance data

so far Indicates that the external load has a moderate effect on the

Impedance at a single coaxial line while addition of the other lines

affects the impedance response significantly because of tha sat low

impedance shunting the cavity. As described in the previous case,

Chanjing the cavity height does not affect the IN40 and TM2 0 'resonant

frequencies to any great extent.
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Tlgtwe 22. Coaxial Line ImpledanUce. one line present. input
shorted. de.150" I.

4 7



Kw.

.. .... I

Irk

Fiue2.CailLn1meane1orlnspeet nu

shortd, d.151

54I



figure 24. Coaxial Line Impedance, one line present. input
shorted, d-.300"
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Yigure 25. Coaxial Line Tapedance, four lines present, Input
shorted, du.300'
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Transmission Measurements

Tvo types of transmission measurements were performed. They

were comprised of measuring the transmission of R3 power from the

combine& center probe to one of the coaxial lines and measuring the

coaxial line-to-line transmission (isolation) properties. The first

measurement provides information on the combining efficiency of the

circuit and the second provides information on the isolation between

lines. The measurements were made using the ANA in the transmission

mode. The measured frequency range was 9.0 to 10.5 09z.

Center Probe to Coaxial Line Transmission. The transmission coef-

ficient of the test combiner in this configuration was measured with

only one coaxial line present. Only one line vas used because an ex-

ternal combining network was not available. The transmission measure-

ments as shown in Figures 26 and 27 were made using cavity heights of

.150" and .300". The input center probe and the microwave absorber

load positons were adjusted to give the best coupling to the TH 0 2 0

mode possible. In the measurement. the center probe position had

little effect on combining efficiency while the microwave absorber

load position had a 1ignificant effect. This indicated that the comn-

bluing efficiency is primarily determined by the coupling of IF power

from the coaxial line to the cavity. to general, the transmission

measurements of the test combiner indicated a higher than expected

trzasmission loss. For the .150* and .300" high. avitlas the trans-

mission loss was 6 dl and 3 dt. respectively, which relates to a 23I

and 302 combining efficiency. The loss that occurs Is attributable to

the cavity Vail loss, to the spacing of the coaxia lIte center coo-
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ii
ductor with respect to the cavity vali and to the loss of power into
the microwave absorber. There is also approximtely .5 dl lose which

occuts at the transition from the combiner coaxial air line to the

smi-riSid coaxial line used to connect the test combiner to the ANA.

As the coaxial line center conductor is moved radially inward, the

coupling to the cavity, and hence combining efficiency, will increase,

but the isolation between diode circuits will decrease. The impedance

of the microwave absorber can also control efficiency with a load ro-

presenting a short circuit producing the best afficieny. Howecr, as

stated by Xurokava a short circuit presented to an DWPATT diode can

lead to instability. In general, the circuit impedance presented to

an U(PATT diode should always be greater than or equal to its neoa-

tive real part. A compromise between a short cireuit imtpedance and

the Impedance presented by ECCOSCRI MY 116 or any other microwave ab-

sorber should be possible a&d would improve current efficiency po-

tential of Io combiners. To achieve a lower impedance as sugested,

a //4 transformer coul4 be used between the icraweve absorber and the

cavity.

Coaxial LUre-to-Line Isolation. This measuremsnt was comprised of

measuring the treansoisson loss between two adjacent coaxial lines at

the test combiner with a .300 high cavity. One measurement was a•de

with the center probe short circuited (Fi4ue 28) and snother was ades
with the center probe terminatod In a 0 ohs imtpedance (Figvjre 29).

Ith worst ease isolation ma•suremenmt shbov in Figw 28 occurs with the

center probe short circuited. This figure indicates a 10 dl and 5 dl

Isolation for the and IN modes, respectively. V%" the inpe•t

I
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Figure 29. Coaxial Line-to-Line Isolation, 50pu soh5ipted d-.300"
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is terminated in 50 ohms, the isolation for the Ti 2 10 mode remains

approximately the same, but for the iN020 mode, the isolation improves

to 15 dB. Another effect the 50 ohm input had on the T7020 mode was

to shift its resonant frequency downward from 9.94 GHz to 9.85 GHz

while the TH2 10 resonant frequency stayed constant at 9.29 GHz. This

frequency shift could have occurred as the result of a slight pertur-

bation of the center probe below the cavity top wall. The isolation

performance between each of the coaxial lines is relatively good as

expected.

Correlation of Measured and Calculted Results

In this section, the calculated impedance response for only the

TN020 mode of a single coaxial line and then all four lines is present-

ed and compared to the measuzed responses shown earlier. To calculate

the coaxial line impedance response, a program called 9 COMB was used and

is described in Appendix A. Only the TM0 2 0 response was calculated be-

cause of limited calculator memory. This program is based upon Kuro-

kawa's model but unlike his model, it uses equations (20-24) to de-

scribe the microwave absorber impedance. Two unknowns in the model

which had to be determined were the coupling coefficients n 2 and n2
1 2

whose values were approximated as 8.41 X 10-4 and 6.5 X 10-4, respec-
tively. The value of ni was approximated with the equation n2G /Z

lC
(i.e. because G. is not accurately known as a result of the scallops)

when the input coupling coefficient 81 is equal to one. The value of

ni was approximated by fitting the calculated curve to the measured

data for the case of a single coaxial line. The reference planes for

61 4
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the position of the microwave absorber and for calculating the imped-

wnce looking into a coaxial line also had to be chosen. These dis-

tances were chosen as 1.5 cm and 10.5 cm, respectively, which were

approximately the same as used in the coaxial line impedance measure-

ments. The calculated impedance response of a single coaxial line with

no other lines present and with a cavity height of .300" is shown in

Figure 30. The response is critically coupled at the TM0 resonant
020

frequency (i.e. 10 GHz) and has a characteristic impedance equal to ZA

away from resonance. The calculated response shown compares favorably

with the measured response, using the same parameters, shown in Figure

19. By referring to equation (12), it can be noted that the coaxial

line impedance should increase and become overcoupledas the number of

coaxial lines increases assuming no change in loaded Q. In the mea-

sured result of Figure 20 where the number of lines was increased from

one to four, the impedance response became significantly undercoupled.

To account for this in the calculator model, a new value of .406 X 104

2
was selected for the coupling coefficient n . The impedance response

with this value, shown in Figure Zl, is very similar to that of the

measured result of Figure 20. To explain this discrepancy it is sug-

gested that even though the number of coaxial lines is increasing, the

the loaded cavity Q also decreases with the addition of coaxial lines

and thus, has a more predominant effect on coaxial line impedance than

the value N. This is substantiated by the measured results which in-

dicated that lowering the cavity Q did affect the impedance response

of the combiner network significantly.

* I 62



~LA

))

Figure 30. Calculated Coaxial Line Impedance Response, one
coaxial line, do.300', n2 65X1-4
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Figure 31. Calculated Coaxial Line Impedance Response, four liues
present, ds.300", 2u-.406 X 10-
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',, SUIIMARY AND COICLUSIONS

As stated in the introduction, the objective of this invescigs-

dion has been directed toward increasing the understanding of ThMnn

combiner design. In particular, a more accurate model of the imp*-

dance presented to an MfPATT diode was of interest. Toward this goal,

the theory of cylindrical resonant cavity combiners, the circuit

modelling of resonant cavity combiners, and the characterization of a

1H020 test combiner was presented. The general theory of cylindrical

resonant cavities and the coaxial diode circuits is fairly well under-

stood as is shown by the design equations presented and the charac-

terization of the TM test combiner. The Kurokava model waa pre-
020

sented and used as the basic model for describing the impedance of the

combiner network presented to the WXATT diode circuit. By co,-paring

the measured versus calculated coaxial line impedance responses in

chapter IV, it can readily be seen that this model does for the vost

part provide the intrinsic response of the Th combiner. To achieve

this response, however, the coupling coefficients were approximated

in order to fit the calculated curves to the measured data. Addition-

ally, when the number of coaxial lines was increased from one to four,

a fmller value of the cavity/coaxial line coupling coefficient was re-

quired to again fit the curve. Thus, it is apparent that there exists

'5
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more than a simple relationship between the coaxial line impedance

response and the number of coaxial lines. tn fact, because the ad-

ditional lines cause a significant reduction in loaded Q of the cor-

biner, the Kurokava model needs to be modified to include the changes

2
In Q and Coupling coefficient, n2 . Further comparison between

measured and calculated data is needed to accurately determine the

functional dependence of this relationship.

Another very important factor in the design of THono combiners

is achieving the highest combining efficiency possible. Achieving

high combining efficiency Is synonomous •ith obtaining umaximm power

transfer from the coaxial line circuits to the cavity and vice versa.

To obtain maximum power transfer, both mismatch and dissipative

losses for the cavity/coaxial line interface must be minimized. The

mismatch losses are minimized by critically coupling the coaxial Ilna

Impedance to the cavity Impedance at resonance. Because the number

ot coaxial lines and the cavity height significantly affects this

coupling (i.e. through reduction in cavity Q). the design of THOott

combiners mst incorporate design rules wbich vill maintain high cavity

Q for any size combiner. Genrally, any perturbation (e.g. probes,

loops. coaxial lines) of a resonamt cavity Increases the loss and de-

creases the Q of the resonant circuit under consideration with

emaller perturbations affecting the Q of a resonant circuit lose.

Theas it to concluded that the use of siuller coaxial lines would be

beneficial toImproving combining efficiency. The dissipative loss i

a ThN combiner includes loss in the cavity waels ad loss in the

microwave absorber. With respect to the wall loss, the scallope
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contours for the coaxial lines causes the majority of this lose. To

reduce the wall lose, the coaxial line may be moved closer to the

cavity with some sacrifice in isolation between diode circuits.

There is also a finite loss in the microwave absorber load and this

loss may be reduced as stated earlier by decreasing the characteristic

Impedance (e.g. using X/4 transformers) in front of the absorber. The

microwave absorber impedance cannot be reduced too much, however, be-

cause of DIPATT diode stability considerations.

In summary additional experiments are needed in which the phy-

sical and electrical parameters of the cavity/coaxial line interface,

as mentioned above, are varied in order to determine the relationship

2
between the combiner Q, the coupling coefficient na, and the number

of diode circuits and also in order to optimise the combining offi-
ciency. Furthermore, even though it vas not emphasized, the model of

a 7K combiner should be extended to include possible DIPAT? diode

interaction with nonsymetrical modes. No new combiner models were

developed in this investigation. Hlowever, this investigation has

delineated some very important aspects of IN combiner design.

IOno
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APPENDIX A

ZCCSB Program

This program was developed to calculate the impedanrte, Z, As

afunction of frequency at a single coaxial line of a ' resonant

combiner * The Impedance can be calculated at any convenient re-

ference plane relative to the cavity midplane. The program is based

on the turokawa combiner modal. Equation (12) was rearranged into the

following form for easier implementation in the calculator routine.

Z1, Z4 +(28)

The microwave absorber load impedance is computed in a subroutine of

this program and uses equations (20-24). The Impedance, toj i com-

puted using an additional calculator program called IN Z (Appendix 3)

which calculates the Input impedance to a length of loaded trans-

mission line. A flow chart of the ZCOHI program Is provided In figure

32 and a listing of the program io givenu In Table 4. The programs

ZCCHB end IN Z are Implemented In Uip's Reverse Polish Notation language

for use on the R? 41C programmble calculator. To run the program, It

is called from memory and the IN~ combiner parameters are entered In-

to register*i 0-32 and the U41 stack registers. A listing of the regis-

ter inputs to provtdeJ to Table S. The start. stop. and step fre-
quenctos in Mal are next entered and individual data points of are
calculated as a function of frequency with each run.
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INPUT C(I4BINER DATA
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Z Subroutine

A START

CALCULATE
R+JwL

CALCULATE
*1, , JWC

I I
z.. z" + j zg a.Ax

ftpae )2(cos't).

A.

Z4•.
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TABLE 4. ZCGIB Program Listing 1
Addross MY Comqtut Address MY Consent

01 LSL ZCOMB 46 EQL 31
02 INM DTATA 47 IQ
03 AVIEW 48 STO 26
04 STOP 49 X34 ZA
05 /50 M7ST
06 SO10 00 51 RCL*27

07 152 l/X
08 + 53 ST1030
09 ST0*00 54 ICL 11
10 lIX 55
11 ST1022 56 .02
12 RCL 10 57

13 STO 00 58
14 ST0/22 59 +
15 ?1 60 310 29

17 310*00 62 ST0* 30
18 30 43 RCL 26

20 ST0*22 65 310/30
21 SO+X 66 ICL is
22 x67 SO0* 29
23 10 / 00 68 1* 30
24 RCL 09 69 O
25 STO *22 10 RCL 23
26 R~14 71 SO0* 29
27 IF 72 ~* 30

28 STO *00 73 2'O
29 VSTARI'"? (Uta) 74
30 PRM73 RL2
31 310 23 76 O
32 7310?P-? Ofta) 77 REQ Cflw
33 PROW? 78 RCL 30
34 310 24 79 035 STEP-? sola 80 RQ OMUT ze'
36 PIOif? SI 1 08
37 M 023 32 ECLO0?
33 LIL 01 83 XI?4CAD UZAZ

*139 ICMi 23CLSMART 84 M1004
40 WT1 63 t
41 110 31 51O005
42 RM 00 6? RC23
43 R CL 32

44O 5 27 69 REQ IN I (Rsct.)
*45 SCL 229 1-F
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TABLE 4(con'c0

91 so 136 STOO0S
92 I137 RCM 23
93 ?-a ~ 1Z 138 1'L 13
94 10 139 XZQ IN Z ZA(Ihct.)
95 P=LX 140 313
196 MEW If 141 LULO0Z
97 AICLYT 142 -o

98 AMEW
99 T0336

100 STOP
101 RCL 24
102 ICL 23
103 1)T? f YSTOF?
104 GTOO02
105 RCL 25
106 510 + 23 f -nSTART+ST
107 CloO 0
108 LIL UA ZA subroutft
109 RCL 17A
110 RCL 16
III RCL 31
112

11 -it
114 RCL Is
115 RCL 23
116
117 ICL 19
lie ATY
1.19 -
120 XKQ CODO lJmi
17. u-P
122 CL 20
W~ RCL 23

124 *I.c
125 /
126 3dL 19
127 51 - a
129 16
129 SQl?
130 2
131 STO z
133 34 130*
133 1

1345 0
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ITABIL S. ZCCN Program Register Lsftin

Register _ ta

x Cavity height, d(in. or cm)
I Cavity radius, a(i. or cm)
00 t
01 1
02 t
03 Coazxal line characteristie impedance, 3o 50 ohn
04 t
05
06
07

09 leestl functiou ordered zero X
10 a,14-3.218 X 10 2
11 Input coupling coefficients n
12 Output coupling coefficient,
13 Distance from cavity widplaae to icrowmve absorber. x(cm)
14 i ...
15 c1i1 center frequency, f (Oft)
16 lit/ f -. 1209
17 All S---12.5918 j~Ho/ 1-1.8o1
19 tjw~lf-44.e8°

0jwc/elf6.996 xic03
21 tjbc/f-86
22 +
23 Start frequency, FSTART(N1s)
24 Stop frequency. ?ST•(t&O )
25 Step frequmny, STEOObt)
26 +
27 +
28 +
29 +
30 +

32 Distance from refereace plan to cavity mIdpaNe, t(m)

4-Intermediate calculation

ii
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APPENDIX B

IN Z Program

This program calculates the input impedance, Zn+l, to a length

of lossless transmission line with characteristic impedance Z and0

complex load Z-R +JXn using the following well known equation

SZo ÷+j ZtalZ4A Z (29)

By substituting Zn into this equation and rationalizing this complex

ratio, the solution of Rn+1 and X+I may be found. These quantities

are as follows,

Rn÷ I 4- (30)ZAZcosze±
>1 z-%X .~)iooo (31)

D

D=(Z~cose-XSoe) + (RsNoe)2

A program listing of this program is provided on page 75. To run the

program, it is called from memory and the transmission line length, t,

and frequency are entered in the X and Y stack registers, respectively.

The Re(Zn+1 ) and Im(Zn+I) are stored in storage registers 7 and 8, re-

spectively.

74
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TABLE 6. IN Z Program Listing

Address ey Comment ,44ress K coment

46 X2

01 •47
02 48 RCL.1
03 49 RC 02

04 50
05 STO + X506 *510603

07 3 X 4  52S0 /53 x
08/ 54 RCL 02
09 COS 55X2
10 STO 01 COsB 56•. ~56-
11 LASTX 57 RCL 03
12 SIN
13 STO 02 SING 58 RCL 05
14 RCL 03 60 *1.5 R+4 661 +

16 RCL 04 62 RCL 03
• 17 RCL 05 63 *18 R+I
18 64 RCL 06

19 ~65I
20 6
21 66 STO 08 Xs+t

22 RCL 02 67 RCL 07

23 R6824 * 69 ARCL X
23 R 70 APPEND Y
26 71 ARCL Y
26 RCL 03 72 AVIEW
27 *28 Py. 73 DIG

74 RTN
29 2 75 END

30
31 +
32 STO 06 D
33 RCL 03
34 X2
35 RCL 04
36 *
37 ZY
38 /
39 MT 07 R +1
40 RCL 03
41 X
42 RCL 04
43 X2
44 -
45 RCL, 05

75
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